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ABSTRACT

A fast (200 nanodecond) hardware processor for recognizing
tracks in high energy physics experiments and computing
kinematic quantities from their momenta and production angles
is described. The system was used to form the trigger in an
experiment run recently at Fermilab. Its performance is

studied in the context of this experiment.

I. Introduction

An experiment (E-6231) has been performed at the Fermilab
Multiparticle Spectrometer (MPS) to search for states decaying
to two ¢ mesons. Crucial to this experiment was the design and
operation of a high speed processor which seeks events
containing at least two pairs of opposite charge kaons which
have an effective mass compatible with the 4 mass. This paper
describes the processor.

The system which was constructed is rather general in that
it is basically a track finder which determines momentum and
production angle, and a measurer of detector multiplicity.
This information is needed for most types of
topological/kinematical triggers, A small, experiment
dependent part of the electronics chooses which found tracks to
process and computes kinematic quantities invelving them. For
example, effective mass and transverse momentum may be
calculated.

This aystem is cheap (+20 X$) and Fast (trigger decislion
within 150 ns). It is competitive with more expensive, slower

{+ 10 us), but higher resoclution single wire processocrs.

11, Physical Description

The system is composed of both Fermilab designed and
commercial electronics (see Fig. 1l). Signals are pre-amplified
and logically ORed at the multiwire proportional chambers (Pl,

P2, P3) by Fermilab designed electronics and sent to



receiver/latches as differential EC£ pulses. Phototube signals
frem the multicell Cerenkov counters (Cl, €2) and scintillator
hodogcope (Hl}) are discriminated in standard HNIM modules.
These NIM pulses are also gsent to Fermilab designed latches.
For each particle interaction the data is latched and 3gent to
the processor as single-ended transmlassions on wire-pover-ground
multiconducter ribbon cable.

The core of the processor resides In a crate manufactured

by MUPAC 1

which supports both wire-wrap cards and backplane
having very good ground plane and power distribution
characteristics, Most of the system logic is implemented on
these cards which, given some care in wire routing, provide an

2 The use of the

adeguate environment for the ECL~10000 signalg.
wire wrap technique has been found to be quite beneficial in
that legic modifications are simple and the processor can be
reprogrammed very rapidly.

The latched data are also sent to Fermilab designed window
discriminators for multipligity cuts, and to commerical CRMAC

modules which atore all of the trigger data for readout to

magnetic tape.

III, Track Recognition Legic

A3 shown in Flg, 1, the detectors used In the trigger
decision are three proportional wire chambers Pl, P2, P3, two
threshold Cerenkov counters Cl1 and €2, and a scintillator

hodoscope wall, Hl, Each of these detectors is divided into 32

elements for triggering purposes.

A track is defined as a coincidental hit in all three
elements of a predefined "road®™ through P1, P2, and P3. A
point target plus these three points provides redundant four
point tracking, The coincidences are all performed in parallel
rather than by looping over arrays of hits, This parallel
processing accounts for the speed of the track finding
algorithm. Each road is uniquely identified by its XZ plane
(magnet bend plane} production angle 9 and momentum P, The
production angle 18 given by the cell number in P1(0-31). The
inverse momentum, S=1/P, i3 measured as the difference, in
units of P3 cells, between where the particle struck P3 and
where a particle with infinite momentum and production angle §
would have struck P3. As shown In Fig. 2, the logic is
arranged so that two neighboring elements of P2 are used in
each "road.” This compensates for the finite sizes of the
beam, target, and detector hodoscopes.

It should be noted that the non-bend plane component of
the production angle c¢ould be measured by means of a
straight-forward addition to the above logic, PFor example, a
redundant v measurement at P3 for each struck element in P23
would be provided by a coincldence involving two slant planes

near thia detector:
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This additional information would regquire additional faat or
amplifiers, latches, and another MUPAC crate (+ 10 E5). The
measurement would be accessed in the same way that the momentum
is retrieved from the road logic. Such a scheme was not
implemented in this particular experiment since the PILOCesSEOr
reduced the trigger rate to an acceptable level in the presence
of the maximum beam flux that the detectors could tolerate.

The kind of road definition used is quite efficient for
finding tracks. Only when two tracks traverse exactly the same
road is cone of them "miased.” In a sample of Monte Carlo
events having a mean multiplicity of eight, about 1% of the
tracks within a momentum range of 6 to 22 GeV/c were missed.
Of more importance is the failrly coarse detector segmentation
as compared with other processor triggers.3"'5 This size
causes a significant number of accidental tracks which occur
when a road requirement i3 satisfied by unrelated detector hits
created by several tracks. The gystem recovers from this
problem in several ways, It ugses faat ripple~through
electronics so that the interesting tracks (as defined for a
particular experiment) are recognized within 75ns as compared
with the microseconds required by iterative search processors.
This reduces trigger deadtime and allows analysis at a higher

rate. By reporting measurements of kinematic quantities for

each track {i.e. (P,9)) in addition to gsignalling simply the
presence of some number of trackss, this processor allows a
higher level trigger decision to be made.

In the present experiment the interesting tracks are
kaons. However, the track finding is quite general, and the
logic and detectors could be configured in such a way that the
tracks of interest are muons, protons, etec,

A kabn ia defined to occur when a road is satisfied and no

‘cells in €2 whiech overlap this recad have any light. The

elements in Al are placed so that in the small angle region,
which has a high track density, they shadow the four-fold
vertical segmentation of C2 and the horizontal segmentation of
P3 (Fig. 3. With this arrangement, a kaon may be recognized
even though a non-kaon {(pion, etc.) shares the same road, 1if
the two tracks are produced at sufficiently different vertical
angles,

The resulting kacn definition logic is of the form

2 4
K(P,8) = Ple'zl P2y p.0,m Py p,0y° 21 T2y (5,01 Blu(, 0!
U v

The geometrical arrangement and Carenkov threshold are such
that kaons with momenta between about 6 GeV/c. and 22 GeV/c are

recognized.



A3 shown in Flg, 2, only the highest momentum track Eor
each charge out for several that may have a given production
angle is reported by the track finder to the higher level
logie. This is the correct blas to use in this particular
experiment where interesting tracks are kacns and a pion
contamination exists near threshold in C2. This bias could
easily be altered to henefit a different physics motivation,
however.

Once the track recognition and momentum selection
procedure is completed, the presence of a satisfied road with
production angle 8 and charge g {3 signalled ¢to the higher
level logic. The momentum corresponding to each road is also

avalilable for readout as needed by this logic.

1v. High Level Logic

A further trigger rate reduction 1s possible using the

kinematic quantities (P, 9 By] of interesting tracks found by

x?
the track finder, It is possible to compute values of
variables such as effective mass and transverse momentum very
rapidly using memory lcookup techniques, 1In the ¢¢ experiment a
"kaon pair consistent with $" determination was ready within
150ns of the time at which detector data was availlable to the
processor.

For the ¢¢ trigger it is desirable to chooge two KYR™

pairs with small opening angles between the E* and K~ within a

pair. At the same time, since a large ¢4 effective mass is

wanted, a bias in favor of large opening angles between the
pairs 18 imposed. This selection of tracks for calculational
purposes is performed by the "select board" [Fig. 4).

The flags representing wvaliad o

roads at various
production angles 8 are presented to a pair of 32-wide priority
encoders. The outputs of these encoders are two five~bit words
BE and B; which are the most positive and most negative
production angles of all the satisfied positive kaon roads.
Simultanecusly, e; and e; are determined for the negative
kaons. These four words are used to address the corresponding
momenta determined in the road logic. Both the Four momentum
words S;, s;, s;, and S;, and the four words of 9 are sent to
the next module for use in the kinematic calculations.

These calculations are performed by a combination of
arithmetic chips and PROMs loaded with Ffunctions, Fig, $. It
has been found that new prome can be burned very easily and
gquickly wusing the online computer. This strategy was adopted
rather than the more common on of direct CAMAC/processor
communication,

The effective masa of a pair of kaons is given

approximately by

'Ul'd
N

2 2
MKK = MK [2 +

P
1 + o= 2 + -2
+ == |+ P,P 0 -b + (B _~6
1 PZ] 12 [{ xx) ( Y Y) ]'

assuming small angles and relativistic tracks. The trigger



processor could, in principle, calculate the effective mass of
any pair of selected tracks. In this particular experiment,
gince low EK'K™ mass is required, and since the trigger rates

are low, the approximation made is

187-97) 2

2 + -2
M° = PP (0 -0 })° =
172" » “x stg™

KR

& kaon pair 1is accepted as a valid ¢4 if Méx as calculated is
less than a Monte Carlo determined cut. In physical units the
cut was at about 1.02 GeV/c. Since the processor uses only the
bend plane opening angle and, therefore, always wunderestimates
the mass, this cut is not unreasonably severe.

This processor also calculates the transverse momentum of

the ¢ candidates in the xz plane as

PT = 9: + E:

st g7
Again, a complete three dimensional calculatlon for any pair of
selected tracks 1is easily obtained but unnecessary in the
present application. The resulting value is compared with a
gwitch selected cut and an output is set "true™ if the cut is
passed, Both the mass and PT calculations are performed in
parallel for the 1left and rtight ¢ candidate, To simplify
timing of logic external to the processor, none of the high

level decision outputs are set until the processor is strobed

by an external enable pulse.

V. Gating The Processor

Initial gating of the processor is provided by the IB, or
interacting beam, signal which loads the latches (see Fig. §).
This gignal 13 derived from the scintillation counters 5i,
i=1,%5 (Fig. 1). An incident beam track 1is defined by
B = 51+52+5Y where 81 and S2 are upstream of the target and
define the beam size, while 53 is an annular counter which
vetos beam halo. The counter 55 is downstream of HY1 and is
used to require an outscattered beam particle, The counter 54
is directly downstream of the target, and the pulse height
selection, 842V = 3 is used to require an interaction in the
target.

In order to reduce the system deadtime a signal E = enable
is then rapidly formed (within 50 nseq). If the event does not
produce an E signal, it is aborted. The signal E consists of
IB and 33:W = IS5 and T5HQ = 5. The C2 multiplicity is derived
from a commercial NIM module.

The signal B gatea the Fermilab designed multiplicity
windew discriminators which  produce a signal 1f the
multiplicity N is between the limits, N = (NL, NH) or NL<N<NH.
The six hodoscope multiplicites are used to form a signal EG
(Event Gate)}) which is reqguired in all subsequent trigger
decisions., The logic schematic for the formation of EG and the

trigger is shown in Fig, 7.
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The hodoscope multiplicity distributions observed in this
experiment are shown in Fig. B. Note that the true
reconstructed track multiplicity downstream of the magnet is
+10, higher than the mean hodoscope multiplicity {+7). The
multiplicity limits are indicated on the Figure. The signal EG
requires Pl = (N,M} = (4,9) * P2 = (N,M) = (4,9) * P3 = (N,M")
= (4,10) + Cl<? = P~1 + C2<5 = Q-1 - H1<6 = R-1, In addition,
since the processor preferentially selects eventa where the
Cerenkov counter C2 is inefficient, the multiplicity in Cl1 and
in €2 is required to agree to within 2 = 5-1,

The purpose of these gates is to select interactions In
the target (IB) with 1imited multiplicity and not too many
pions (E). A further refinement is to 1limit the processor
multiplicity to prevent accidental K candidates and also to use

Cl to limit the effects of C2 inefficiency (EG).

VI. Trigqgqer Formation
The formation of the triggers is indicated in Fig. 7. The
signal EG is required in all triggers. The processor, which is

+

gated by the signal E, providea signala K and K, the

multiplicities of K and K~ candidates, and ML and MR, signals
which are valid if the leftmost and rightmosat K*ﬁ' pairs have
low masses in the magnet bend plane. In addition, the gignals
PTL and PTR, determinations of the transverse momenta of the

leftmost and rightmost KYK™ in the bend plane, are available

for triggering purposes.

11

The trigger rates obtained in this experiment are given in

Table 1. The trigger names correspond to the logic
requirements:

2K = EG * (KT = (1,4)) * (K™ = (1,4))

4 z 2K + (ML + MR}

$PT 2 ¢ + {PTL + PTR)

4R = EG + (K" = (2,4)) * (K = {2,4))

2Kkd 2 4K * (ML + MR)

2K$PT = 2K¢ - (PTL + PTR)
0 E 4K * (ML * MR)
$$PT = 4¢ + (PTL + PTR)

A8 can be seen in Table 1 the processor is a powerful tool
in searching for rcare processes. The reduction by track
finding and multiplicity cuts i3 given by 4K/IB « 1/300; the
effect of high level calculations is ¢4/4K +~ 1/8.

The trigger rate for $¢ was low enough, given the maximum
beam flux that the detectors could tolerate, that the PTL and
PTR aignals were not used during the main data taking. The
threshold walues of PTL and PTR yielding the trigger rates of
Table 1 correspond to 0.7 Gev/c in the magnet bend plane,

The results of the processor determination of ¥t ana K~
multiplicity 1is shown in Fig. 9. Clearly, the number of kaon
candidates falls rapidly with multiplicity. The cut for 4K

triggers is shown in the figure. Alsc shown in Fig. 9 is the
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correlation between K* and K™ multiplicity. Clearly if 2K' are

found, one is likely to find 2K , as expected for real events,
A typical event display of a 44 trigger is shown in

Fig. 10, Note that complex topologies are tolerable, as

evidenced by the number of charged tracks in this event.

vII. R'E™ Mass Measurement Using the Processor

The cut for triggering purposes was set at a limit of 8
processor mass units, f.e. ML = mL<8, MR = mR<8. The
probability of occurrence of ML and MR in 4K events i3 shown in
Fig. lla. The positive value of the correlation function
indicates that if the processor detects an ML signal it is
likely to also detect an MR signal. This is expected since 4§43
producticn is known to be correlated.7

By utilizing the latched hodoscope information one may
study details of the mass distributions online., 1In Fig. 1lb is
shown the probabilitiea of mL and mR for ¢¢ triggers. Clearly
a band exists for low mL and mR values. In Fig. llc is shown
the Monte Carlo result for the expected m distribution for ¢¢
avents. Hote that, since »50% of all $4 events yield m<2, the
trigger cut of 8 mass units is conservative.

In Fig. 114 a crude background subtraction 13 shown.
Events with 0<mL<2 are plotted vs, mR along with events with
4<mL<6, assumed to be background, normalized to equal rates for

4<mR<6, An excess of events remains at low m_, corresponding to

Rl
the existence of ¢¢ events. The very fact that $¢ events can

13

be seen online at the trigger level indicates the
discrimination power of this trigger processor for rare event

topeologies.

VIII. Offline Reconstruction of pp*R'K"E'R™ + nr Events

Final proof that the processor is working requires three
dimensional reconstruction of the events which triggered and
the observation of correlated low mass enhancements.

For comparison purposes, the beat previous published high

7 obtained 112 ¢4 events for 4 x 10° triggers,

energy experiment
or d¢/trigger = 1/35,000. In Pig. 12a a scattergram of
H(K+K_JL vs M(K+K—)R is shown for events reconstructed from
90,000 triggers, 1In Pig. 12b the background due to KK KR~
events 1s roughly subtracted leaving 571 §K'K™ and 379 ¢¢
events. In Fig., l2c the ¢K+K' background is crudely subktracted
leaving 233 ¢4 events, or ¢4/trigger > 1/400. This number is
somewhat worse than that inferred from Fig. 10 which used the
hodoscope bits online to estimate the trigger purity. Note
that, since the analysis programs are not yet optimized, the
quoted value for pp/trigger ias a lower limit.

The final result of this analysis is that the trigger
processor allows one to study a rare process such as pprédx at
least two orders of magnitude more cleanly than any previous
experiment. Aa experiments in general search for ever rarer
reactions, this analysis indicates the power of and need for

gubtle and sophisticated trigger processora,
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TABLE 1

TRIGGER RATES

NAME g (ub)

Ip = 9 30,000.
E 8,760.
EG 1,077,
2K 377.
$ 121.
$PT 60.
4K 94.
2K 51.
2K$PT 26.
-1 12.
$¢PT 4.
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FIGURE CAPTIONS

Plan view of the trigger detectors and a block diagram of
the trigger electronics.

Logic system which defines one road and the system for
reporting the momentum of selected roads.

View along the beam direction of the small angle region of
Hl, €2, and P3 showing the horizontal and vertical
relationship of the detector elements. Alsc shown iz  the
logic used to select kaons in this busy region,

Block diagram of the loglc that chooses roads tc be used
as left and right kaon pairs and causes the corresponding
measurements of P and 6 to be used in the kinematic
calculations,

Schematic of the logic used to calculate mass and
transverse momentum,

Schematic diagram of the 1logic for generation of the
signals IB and E.

Schematic dlagram of the logic for generation of the
sjgnal EG and of the logic for usage of processor signals,
K, X, ML, MR, PTL, and PTR, in formation of the Ffinal
trigger. Window discriminater cuts are indicated using
notation defined in the text,

Hodoscope multlplicity distributions for the aix detectors
used in the trigger.

a) P1 b) C1 e} P2 4) C2 e) P3 f) H1

Trigger limits are indicated by the arrows.

Processor selection of kaons.

a) Tke correlation function for correlations between the
K multiplicity and the K multiplicity found by the
processor,

b) Multiplicity distributions Eor the number of K' and K~

found by the procesasor. Trigger cuts are shown as
arrows.



10)

11)

12)

i3

Diagram of an event selected by the processor, Struck
trigger hodoscope elements as well as hits in other
detectors are indicated. Solid lines represent the four
tracks that triggered the system, Dashed lines indicate
the extra tracks tolerated by the processor.

Processor determination of masgses.
a} Correlation function for ML, MR using 4K triggers.

b) Distribution of mL and mR within the trigger cut for
¢d triggeras. The tabulated numbers are the fraction
of ¢¢ triggers yielding a particular mL and mR.

c) Monte Carlo generated distribution of the expected

processor mass for 4 events.

d} Background estimaticon in 44 triggers., A column of b)
expected to contain ¢4 events (sclid lines) is shown
along with a column expected to contain background
(solid circles), normalized to the same area for mR>4.
Also shown I8 the expected residual shape due to ¢
events (open circles) using the shape of ¢).

A scattergram of reconstructed KYE"RYR™ + nn  final state

events,
ay M(k*eT L vs merTxT)R
b) Estimated K*k"x*K" background subtraction.

c} Estimated $X'K~ background subtraction.
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